Colorimetric phenotypic tests recently gained interest because traditional primary drug susceptibility testing of Mycobacterium tuberculosis isolates takes a long time. We used meta-analysis techniques to review the reliability and accuracy of the nitrate reductase assay (NRA), which is one of the most popular colorimetric methods to detect resistance to first-line drugs. Medline, PubMed, ISI Web, Web of Science, and Google Scholar were used to search for studies enrolled in the meta-analysis. The analysis included 35 studies for isoniazid (INH), 38 for rifampin (RIF), and 22 for ethambutol (EMB) and streptomycin (STR). Summary receiver operating characteristic (SROC) curves were applied to summarize diagnostic accuracy. The meta-analyses were performed by the use of Meta-DiSc software (version 1.4) and were focused on sensitivity and specificity values for measurements of accuracy. The pooled sensitivities were 96% for INH, 97% for RIF, 90% for EMB, and 82% for STR. The pooled specificities for INH, RIF, EMB, and STR were 99%, 100%, 98%, and 96%, respectively. The times required to obtain results were between 5 and 28 days by the direct NRA and between 5 and 14 days by the indirect test. In conclusion, the present meta-analysis showed that the NRA is a reliable low-cost rapid colorimetric susceptibility test that can be used for the detection of multidrug-resistant (MDR) tuberculosis, including detection of EMB resistance. However, the test appears to have a relatively low sensitivity for STR and needs further improvement.
T uberculosis (TB) is still an important cause of morbidity and mortality in developing countries (1) . Recently, increasing incidences of multidrug-resistant (MDR) and extensively drug-resistant (XDR) isolates have highlighted the importance of early diagnosis and treatment for control precautions (2) . The treatment of patients infected with MDR and XDR isolates requires prolonged use of secondary antituberculosis drugs. It is important to diagnose and treat patients with MDR-and XDR-TB infections to prevent the spread of drug-resistant isolates (2, 3) .
The proportion method (PM) is a conventional reference method that is used for the determination of primary antituberculosis drug susceptibility. The CLSI recommends that this method be performed on Middlebrook 7H10 and 7H11 agars; however, it is commonly performed on Löwenstein-Jensen (LJ) medium (4, 5) . The PM requires approximately 21 to 28 days for results to be obtained. Therefore, the long period for detection of resistant isolates leads to failure in the management of patients infected with MDR-and XDR-TB. Reference automated systems (Bactec 460 TB and Bactec MGIT 960 [Becton, Dickinson Diagnostic Systems, Sparks, MD]) are available for overcoming this problem; however, the high costs and special requirements for these devices impede their usage for early diagnosis of resistance, especially in countries with limited resources (6) . This issue has increased the interest in colorimetric methods, which are rapid, reliable, inexpensive, and easily performed and interpreted. Among these phenotypic methods, the nitrate reductase assay (NRA) is one that has gained the most interest. The NRA can be used as a direct test on smear-positive sputum specimens or as an indirect test on Mycobacterium tuberculosis isolates grown from conventional solid culture. The NRA is a technique based on the capacity of M. tuberculosis to reduce nitrate to nitrite, which is detected by adding the Griess reagent to the medium. In addition, this method is among the noncommercial drug susceptibility methods recommended by the WHO (3, 7) .
We aimed to assess the accuracy of the NRA by a new systematic review and meta-analysis, complementary to the previous ones published (1, 3) , for the determination of resistance to primary antituberculosis drugs, including isoniazid (INH), rifampin (RIF), ethambutol (EMB), and streptomycin (STR), among M. tuberculosis isolated from both clinical specimens and sputum samples.
MATERIALS AND METHODS
Literature search. Medline, PubMed, ISI Web, Web of Science, and Google Scholar were used to search for studies enrolled into the metaanalysis. The keywords used in our search were "nitrate reductase," "Griess," "nitrate test," "colorimetric," "Mycobacterium tuberculosis," "tuberculosis," "drug susceptibility," "drug resistance," "isoniazid," "rifampin," "ethambutol," and "streptomycin." Studies obtained from searching were enrolled in the analysis if they met inclusion criteria; no language limitations were placed on the studies included.
Study selection.
We included studies that compared the NRA with a reference standard method (including the proportion method on LJ medium or agar, Bactec 460-TB, or Bactec MGIT960), studies that detected INH, RIF, EMB, and STR resistance, and studies that reported data on false-positive, true-positive, false-negative, and true-negative results. The heterogeneity of the data was addressed by performing a subgroup analysis with the NRA performed directly on sputum samples or indirectly on clinical isolates, in either solid or liquid medium.
Data extraction. Studies obtained by searches using defined keywords were assessed by two independent reviewers. Disagreements between reviewers were resolved by consensus. Titles and abstracts of studies were read, and eligible ones were considered for data extraction. If study data were found to be inconsistent by two independent reviewers, the study was excluded from the meta-analysis. After that, data of the included studies were entered into the datasheet of Microsoft Excel software by one reviewer. Data extracted from the eligible studies included first author and year of publication of the study, country in which the study was performed, reference method used in the study, number of samples (direct or indirect test), sensitivity, specificity, and time for obtaining results. All extracted data were checked by a second independent reviewer. Sensitivity was defined as the proportion of isolates correctly determined as resistant by use of the NRA compared with the reference method. Specificity was defined as the proportion of isolates correctly determined susceptible by use of the NRA compared with the reference method.
Meta-analysis. Meta-analyses were performed by using Meta-DiSc software (version 1.4) (8) and were focused on the sensitivity and specificity values for measurements of diagnostic accuracy. We created forest plots to estimate the accuracy of each test and receiver operating characteristic (ROC) curves that indicated the relationship between the truepositive results (TPR) and the false-positive results (FPR) of the test. The Q* index values represent a summarization of the test performance, in which sensitivity and specificity are equal. The heterogeneity among studies was analyzed by using the 2 and I 2 tests for heterogeneity (interpreted as the percentage of the total variability due to true heterogeneity in a set of effect sizes) included in the Meta-DiSc program.
Quality assessment. The quality of individual studies was assessed using criteria based on the Quality Assessment of Diagnostic Accuracy Studies (QUADAS) tools (9) .
RESULTS

Data presentation.
Cumulative data of all studies, including numbers of true-positive, false-positive, false-negative, and truenegative results, the AUC, and the Q* index values, are summarized in Table 1 . Studies in which the NRA was used for the determination of drug resistance, including INH, RIF, EMB, and STR resistance, are summarized regarding country in which the study was performed, reference method used, number and type of samples, sensitivity and specificity values, and time for obtaining result in Tables S1 to S4 in the supplemental material. One study (10) had been performed in 5 different centers, and the results had been evaluated individually in tables.
Detection of INH resistance. Thirty-five studies were retrieved and included in the analysis. Positive sputum samples had been evaluated by direct test in 8 studies, whereas bacterial isolates had been evaluated by indirect test in the remaining 27 studies. Different reference methods had been used. The PM on LJ medium was used in 28 studies, the Bactec 460 TB in 3 studies, both PM and Bactec MGIT 960, PM and Bactec 460 TB, or Bactec 460 TB and Bactec MGIT 960 in 1 study, and PM on 7H10 agar in 1 study. Figures 1 and 2 illustrate the forest plots that we used to estimate the sensitivities and specificities of the NRA based on results of the 35 included studies. Sensitivities ( Fig. 1 ; see also Table S1 in the supplemental material) were 100% in 14 studies and Ͼ90% in 19 studies. A sensitivity of 85% was found in one study and 87% in another one. Specificities ( Fig. 2 ; see also Table S1 ) had been determined as 100% in 21 studies and Ͼ93% in the remaining studies. The SROC curve shows an AUC of 0.99 and a Q* index of 0.96, indicating a high level of overall accuracy (Table 1 ; see also Fig. S1 ).
Detection of RIF resistance. Thirty-eight studies were included for RIF resistance. Positive sputum samples had been tested by direct test in 10 studies and by indirect test in 28 studies. The reference method used was PM on LJ medium in 30 studies, Bactec 460 TB in 3 studies, both PM and Bactec MGIT 960 or Bactec 460 TB and Bactec MGIT 960 in 1 study, both PM and Bactec 460 TB in 2 studies, both Bactec MGIT 960 and Bactec 460 TB in 1 study, and PM on 7H10 agar in 1 study. Figures 3 and 4 illustrate the forest plots and Fig. S2 in the supplemental material illustrates the SROC of the 38 included studies. Sensitivities were 100% in 21 studies ( Fig. 3 ; see also Table  S2 in the supplemental material) and Ͼ90% in 14 studies and ranged between 80 and 88% in 4 studies. Specificities had been determined as 100% in the majority of the studies ( Fig. 4 ; see also Table S2 ). The SROC curve shows an AUC of 0.99 and a Q* index 
S2).
Detection of EMB resistance. Twenty-two studies were analyzed for EMB resistance. Positive sputum samples had been evaluated by direct test in only 3 studies. The reference tests were PM in 18 studies, Bactec 460 TB in 2 studies, both PM and Bactec MGIT 960 in 1 study, and PM on 7H10 agar in 1 study.
Figures 5 and 6 illustrate the forest plots and Fig. S3 in the supplemental material shows the SROC curve of the same data. Sensitivities ( Fig. 5 ; see also Table S3 in the supplemental material) were 100% in 8 studies and ranged between 88 and 98% in 8 other studies. For 6 studies, the sensitivities ranged between 55 and 75%. Specificities (Fig. 6) were 100% in 9 studies and Ͼ90% in 12 stud- (Table 1 ; see also Fig. S3 ). Detection of STR resistance. Twenty-two studies were also included for STR resistance (see Table S4 in the supplemental material), and positive sputum samples had also been evaluated by direct test in only 3 studies. The reference tests were PM in 19 studies, Bactec 460 TB in 2 studies, and both PM and Bactec MGIT 960 in 1 study.
Figures 7 and 8 illustrate forest plots. There was considerable heterogeneity within studies, and sensitivities were very variable between studies. Eleven studies had sensitivities that ranged between 92 and 100%, and 6 had sensitivities that ranged between 73 and 89% (Fig. 7) . However, 6 studies had specificities that ranged between 12 and 67%. Specificities (Fig. 8) had been determined as 100% in 8 studies and ranged between 78 and 99% for the other studies. The SROC curve shows an AUC of 0.97 and a Q* index of 0.93, still indicating acceptable overall accuracy (Table 1 ; see also Fig. S4 in the supplemental material) .
Time for obtaining test results. The times required to obtain test results for all drugs were between 5 and 28 days for direct NRA and between 5 and 14 days for indirect tests.
DISCUSSION
The aim of this study was to perform a meta-analysis of the NRA for the detection of primary antituberculosis drug resistance. In the literature there are two meta-analysis studies in which the NRA was analyzed. The first one, performed in 2008, focused on the determination of INH and RIF resistance and included 13 studies for INH and 14 studies for RIF (3) . The second meta-analysis evaluated the performance of four direct-testing methods, including the NRA, with analyses of only 4 studies for the determination of RIF and INH susceptibility (1). The present meta-analysis, in addition to the 2 metaanalyses reviewed previously, is the first one in which all primary antituberculosis drugs were analyzed, including INH, RIF, EMB, and STR, and it included 35 studies. Overall, the included studies achieved good performance according to the analysis done with the QUADAS tool. Statistical tests, such as funnel plots, are not recommended for the detection of potential publication bias in meta-analyses of diagnostic data (11) . However, publication bias is possible in our metaanalysis because studies with poor performance are usually not published.
NRA had high sensitivity and specificity, especially for determination of INH and RIF resistance, as shown in the previously published meta-analyses (1, 3). Sensitivities and specificities had been determined to be between 84.9 and 100% and 93 and 100% for INH and between 80 and 100% and 96.4 and 100% for RIF, respectively. Both sensitivity and specificity values had been determined to be lower for EMB and STR. AUC and Q* index values for EMB and STR were calculated by use of SROC curve analyses and were 0.98 and 0.90 for EMB and 0.97 and 0.90 for STR. For RIF, the NRA had been performed directly in bacillus-positive sputum samples in 10 studies, and results were obtained in 5 to 28 days. The advantage of the direct test is that the results can be obtained in a shorter time because it does not require time for bacterial isolation, which takes up to 2 to 4 weeks.
The NRA was usually performed in conventional LJ medium; it had also been performed in liquid media (7H9-S) in 5 studies (12) (13) (14) (15) (16) . The times required to obtain results were relatively shorter in these studies compared with those in studies performed on LJ medium. Also, susceptibilities of INH and RIF were tested on blood agar media, and it has been suggested that blood agar can be used for the NRA (17) . NRA results are negative for M. tuberculosis isolates which do not have nitrate reductase enzymes; however, such isolates are rare.
The WHO published a report, "Noncommercial culture and drug susceptibility testing methods for screening patients at risk for multidrug-resistant tuberculosis." This document indicates that the NRA can be used but it is not faster than other conventional phenotypic tests performed in liquid media (7) . However, there is a gain of 2 to 4 weeks in direct susceptibility testing. If drug resistance is quickly detected, patients with MDR-TB will receive an effective drug therapy regimen and thus will be less contagious to the community. The reduction in the time necessary to obtain susceptibility results is of fundamental importance.
The present study demonstrates that NRA is reliable for susceptibility testing of INH and RIF, the two most important drugs for the treatment of tuberculosis, and the performance of this test continues to be good over time. It is well known that for the two drugs EMB and STR, susceptibility is difficult to test even by conventional methods. Especially for STR susceptibility testing, NRA performance was low. The cost of processing a sample using the Griess method is $4.80 (not including labor or capital costs) compared with $10.00 for conventional DST (18) . Also, reagents are usually easy to procure and distribute. The NRA direct method significantly shortened the time required to obtain test results, and we believe that direct NRA has a strong potential for the direct detection of first-line drugs in resource-limited settings.
Adequate infrastructure for DST capacity under biosafety conditions is required. The advantage of the direct NRA is that without the need to handle cultured isolates, drug susceptibility can be done with low biohazard risks.
In conclusion, the present meta-analysis showed that the NRA has acceptable and reliable sensitivity and specificity for determination of primary antituberculosis drug resistance, with lower values for EMB and STR. It also revealed that the NRA significantly shortened the time required for obtaining susceptibility test results. However, additional studies are required to better establish the accuracy of NRA applied to sputum, but preliminary studies included in this metaanalysis suggest that NRA may be useful for first-line resistance detection in sputum samples. Another important feature of the NRA is that it yields the test results almost within the same period of time as expensive rapid commercial tests.
